Maximum power point tracking (MPPT) controllers play an important role in photovoltaic systems. They maximize the output power of a PV array for a given set of conditions. This paper presents an overview of the different MPPT techniques. Each technique is evaluated on its ability to detect multiple maxima, convergence speed, ease of implementation, efficiency over a wide output power range, and cost of implementation. The perturbation and observation (P & O), and incremental conductance (IC) algorithms are widely used techniques, with many variants and optimization techniques reported. For this reason, this paper evaluates the performance of these two common approaches from a dynamic and steady state perspective.
Introduction
Throughout the world, photovoltaic power generation is becoming increasingly popular due to a combination of factors: low maintenance, minimal wear and tear of components due to the absence of moving parts, lack of audible noise, absence of fuel cost, and pollution-free operation after installation [1] [2] . Small-scale PV installations are very popular as lighting and water pumping solutions in developing countries, remote villages, and small rural and urban communities. These systems are also commonly used in developed countries that have a considerable amount of solar irradiation [3] . As PV systems are required to be low-cost, compact in size, and operate as efficiently as possible, this paper focuses on maximum power point tracking control algorithms for standalone PV systems, with the aim of delivering optimum performance over the widest range of operating conditions possible. Since PV systems exhibit nonlinear behaviour, the maximum power point (MPP) varies with solar insolation, and there is a unique PV panel operating point at which the power output is at a maximum, as shown in Figure 1 . Therefore, for maximum efficiency, it is necessary to use a maximum power point tracking (MPPT) algorithm to deliver optimal available PV output power at different operating points to the load. With this in mind, many maximum power point tracking algorithms have been developed, and much research has been carried out to optimize the various techniques [4] - [6] .
This paper provides an overview of the most common MPPT approaches. From this, it is found that the perturbation and observation (P & O) and incremental conductance (IC) algorithms are particularly popular approaches [5] . For this reason, this paper presents a simulation study comparing the relative performance of these two techniques with respect to dynamic and steady state performance, and hence overall system efficiency.
MPPT Techniques
Tracking the maximum power point (MPP) of a photovoltaic array is an essential stage of a PV system [7] [8] . As such, many MPPT methods have been introduced and numerous variants of each method have been proposed to overcome specific disadvantages. The large number of methods proposed can make it difficult to determine the best technique to adopt when implementing a PV system. The methods all vary in complexity, number of sensors required, digital or analogue implementation, convergence speed, tracking ability, and cost effectiveness. Furthermore, the type of application can have a significant impact on the selection of MPPT algorithm. For this reason, this paper summarises the most popular MPPT techniques in use today. Two promising methods are then highlighted for consideration when implementing a system which needs to cope well over a wide range of irradiance conditions.
Perturbation and Observation (P & O) Method
The P & O algorithm [5] [6] , as shown below in (Figure 2 ), operates by increasing or decreasing the array terminal voltage, or current, at regular intervals and then comparing the PV output power with that of the previous sample point. If the PV array operating voltage changes and power increases (dP/dV PV > 0), the control system adjusts the PV array operating point in that direction; otherwise the operating point is moved in the opposite direction [9] . At each perturbation point, the algorithm continues to operate in the same manner [10] [11] . The main advantage of this approach is the simplicity of the technique. Furthermore, previous knowledge of the PV panel characteristics is not required. In its simplest form, this method generally exhibits good performance provided the solar irradiation does not vary too quickly. At steady state, the operating point oscillates around the MPP voltage and usually fluctuates lightly. For this reason, the perturbation frequency should be low enough so that the system can reach steady state before the next perturbation. Also, the perturbation step size must be sufficient so that the controller is not significantly affected by measurement noise, and generates a measurable change in the photovoltaic array output [12] [13] .
The classic perturb and observe (P & O) method has the disadvantage of poor efficiency at low irradiation. For this reason, alternative solutions have been proposed. For example, Cristinel, Uffe, and Frede [14] combine a constant voltage (CV) algorithm with a modified P & O method as shown in (Figure 3) to track the MPP with high efficiency under both low and high solar irradiation conditions. The algorithm operates by increasing the duty cycle until the PV out put voltage is close to the open circuit voltage of the panel (VOC), this is then used as the initial conditions for the MPP tracker. The algorithm then evaluates the current output; if the current is higher than (0.7 A) the algorithm adopts the PO method; if it is lower it converts to the CV method. Simulation results demonstrate that overall greater energy can be extracted from the PV panel; efficiency levels of 95% to 99% are quoted over a wide irradiation range [14] . However, there is complication of combining the two methods.
The P & O method is also prone to erratic behaviour under rapidly variation in light levels. This may result in slow, or incorrect, MPP tracking. C. Liu, R. Cheung [15] , and A. Yafaoui, B. Wu [16] [15] . The EPP algorithm uses one estimation step for every two perturbation steps [17] . It has been shown experimentally that, compared to MP & O, the EPP method has faster tracking speed, with a similar tracking accuracy to the MP & O algorithm [16] .
Ultimately, oscillations around the MPP give rise to loss of available energy [18] . To limit the impact of this issue, Nicola Femia [13] , show how the P & O parameters can be optimised for the dynamic behaviour of the specific power converter under investigation.
During rapidly changing irradiation, it is possible for the classic P & O algorithm to get confused and track the MPP in the wrong direction [5] [19] [20] . D. Sera, T. Kerekes, R. Teodorescu, and F. Blaabjerg [6] offer a simple and effective solution to this problem; dP-P & O. In this method, the power measurement is deconstructed to reveal the power coming from different sources. The MPPT is then provided exclusively with the power change created by its own previous instructions. To achieve this, an additional measurement of the solar arrays' power is required. This is carried out at the mid-point of the MPPT sampling period as shown in (Figure  4) . The method has been experimentally tested and compared with the classic P & O method. The results show that the dP-P & O technique is able to prevent the P & O from tracking in the wrong direction during rapidly changing irradiation, and considerably increases tracking speed.
Incremental Conductance (IC) Method
The incremental conductance (IC) algorithm which is shown in (Figure 5 ), seeks to overcome the limitations of the perturbation and observation algorithm by using the incremental conductance of the photovoltaic. This algorithm works by searching for the voltage operating point at which the conductance is equal to the incremental conductance. At this point, the system stops perturbing the operating point. The advantage of this algorithm is that it has the ability to ascertain the relative "distance" to the maximum power point (MPP), therefore it can determine when the MPP has been reached. Also, it is capable of tracking the MPP more precisely in highly variable weather conditions [14] , and exhibits less oscillatory behaviour around the MPP compared to the P & O method, even when the P & O method is optimized [19] . Nevertheless, the IC algorithm has the disadvantage that instability can result due to the use of a derivative operation in the algorithm. Also under low levels of insolation, the differentiation process difficult and prone to measurement noise; and results can be unsatisfactory [15] .
In general, the IC tracking approaches use a fixed iteration step size, which is determined by the accuracy and tracking speed requirement. The step size may be increased to improve tracking speed, however, accuracy is decreased. Likewise, reducing the step size improves the accuracy, but sacrifices the speed of convergence of the algorithm. To solve this problem, L. Jae Ho, B. Hyun Su, and C. Bo Hyung [21] proposed an IC technique with a variable step size. This approach automatically adjusts the step size to the solar array operating point. When the operating point is judged to be far from the MPP, the algorithm increases the step size to enable the algorithm to operating point of approach quickly towards the MPP. However, when the operating point is close to the MPP, the step size is decreased. Through the variation of the step size, both improved accuracy and speed are accomplished. Experimental results, based on a parallel buck converter system, validate the speed and ro- bustness of the scheme. Furthermore, small signal modelling, confirms the stability of the system in almost all cases [21] .
Constant Voltage (CV) Method
The such as temperature and irradiation are not significant, and the constant reference voltage is adequateto achieve performance close to the MPP. For this reason, in practice, the CV algorithm may never exactly locate the MPP. During installation, it is usually necessary to gather data to establish the constant voltage reference, as this may change from one location to another. In low insolation conditions, it may be observed that the constant voltage technique is more effective than either the perturb and observe, or the incremental conductance algorithm [5] [22].
Temperature (T) Method
A temperature MPPT algorithm is introduced in papers from R. Faranda, S. Leva [5] and R. F. Coelho [23] . By looking at the V-I characteristics, it is observed that the short-circuit current ( ) method is less efficient than the P & O and IC algorithms [5] . Furthermore, the temperature algorithm requires datasheet information regarding the PV array, and the algorithm has to be updated to ensure accurate operation of the PV system and compensate for parameter changes caused by system aging [23] .
Open Voltage (OV) Method
The algorithm is introduced by R. Faranda 
Feedback Voltage (Current) Method
A feedback voltage (or current) method has been applied by J. N. H. D. Maheshappa [24] and H. Chihchiang [25] . It is used to tie the bus voltage at a constant level. It operates, as shown in (Figure 7) , by comparing the PV voltage with the constant voltage and adjusting the duty cycle (D) of the converter to operate the PV array at a point close to the MPP. The method is low cost, computationally simple, and only uses one feedback control loop. However, it does not consider the effect of variations in temperature and irradiation [19] .
Fuzzy Logic Control
Fuzzy logic control in MPP applications has become increasingly popular as microcontroller processing power has improved, and costs have reduced [26] . Fuzzy logic controllers have three stages, fuzzification, rule base table lookup, and defuzzification. During fuzzification, numerical input variables are converted into linguistic variables based on a number of defined membership functions [27] . Typically, the greater the number of membership functions used, the more accurately the controller will operate [28] [29] .
The input to the fuzzy logic controller is an error signal, E, and the change in error; E. The user has the flexibility of choosing how to compute E and E. These signals are then converted to linguistic variables which define how the system is to be controlled by the user. The advantage of fuzzy logic control is that it does not need an accurate mathematical model of the system, and it is capable of handle system non-linearity. The main disadvantage of fuzzy logic control is that the effectiveness depends on user knowledge and competency in choosing the correct error computation and developing a suitable rule base table based on the chosen membership functions [30] . Optimised variants of the fuzzy logic MPPT system have been proposed, including adaptive strategies that tune the membership functions and rule base table in real time [4] .
Neural Network
A neural network approach is presented by T. Hiyama [31] and L. Zhang [32] . To guarantee accurate MPPT operation, the neural network has to be trained to operate with the PV array and adjust for time varying characteristics of the system. Once trained, the neural network does not require detail information about the PV system; it operates like a black box model. In [31] , the neural network has three layers: input layer, hidden layer, and output layer. The number of nodes in each layer varies and is user dependent. The PV array V oc and I sc are used as the input variables. The output is usually represented by one of several reference signals, or the duty cycle signal used to drive power converter. The hidden layers act to achieve the MPP; the performance of the system is heavily dependent on how well a neural network has been initially trained [33] .
Discussion
Several MPPT techniques have been discussed in this paper. From this, it is clear that it can be very difficult to choose the best; each MPPT method has its own advantages and disadvantages and the choice is highly application dependent. For example, solar vehicles require fast convergence to the MPP; in this case good options are fuzzy logic control, and neural network. In orbital stations and space satellites, which involve large cost, the performance and reliability of the MPPT are most important. The tracker must be able to continuously track the true MPP in the minimum amount of time and should not require periodic tuning. In this case, the appropriate methods are O & P/Hill-climbing and IC [5] . When using solar panels in residential locations, the objective is to reduce the payback time. To do so, it is necessary to constantly and quickly track the maximum power point. Furthermore, the MPPT should be capable of minimising the ripple around the MPP. Therefore, the two stage IC and optimised P & O methods are suitable.
Simulation Results
A diagram of a proposed standalone photovoltaic system is illustrated in (Figure 8) . The system is modelled in MATLAB/Simulink. A boost converter is used to interface a PV array to a resistive load. The inductance of the boost converter is 2 mH, input capacitance is 9.4 µF, and output capacitor is 144 µF. To perform the maximum power point tracking, both P & O and IC algorithms have been implemented with all consideration of the optimization techniques. The simulation allows verification of the feasibility and relative performance of both algorithms under correctly the same conditions. Here, the main aspect to consider is the dynamic performance in terms of the speed at which the system converges on maximum power point, and the ripple in the power due to oscillations around the maximum power point at steady state conditions.
The characteristics of the simulated PV panels are shown in Table 1 . The output power of the solar array is mainly influenced by ambient temperature and irradiation. However, typically, the variations in temperature are slower than the possible changes in irradiation. For this reason, temperature has less impact on the dynamic response of the system. For this reason, the solar array working temperature is fixed at 25˚C in the simulation, and the impact of irradiation is considered in detail. In practice, fast moving, intermittent, clouds can lead to sudden changes in the output power of the solar array. Therefore, the algorithms have to be tested under different irradiation levels to verify the dynamic performance of the tracking the maximum power point tracking.
The simulation results are shown in (Figures 9-14) . In the tests, irradiation is abruptly increased from 200 w/m 2 to 500 w/m 2 at 1.0 s, and then increased again to 1000 w/m² at 2.0 s. These figures represent the performance and effectiveness of both P & O and IC algorithms using the same fixed step size of 0.03. As the irradiation changes, both algorithms adjust the duty cycle applied to the boost converter to track the new MPP.
In most practical applications, the load connected to the PV system may also be subject to change. Depending on whether the system is lightly, or heavily, loaded may impact on the performance of the MPPT system as it affects the load line of the overall PV system. For this reason (Figures 15-17) present results for varying irradi- Table 1 . Key data of the KD50SE-1P PV model and of the HIP-210NH1-BO-1, PV model. ance with different load profiles. The results demonstrate that both algorithms exhibit a fast response, but closer inspection reveals the P & O algorithm has a quicker response and less oscillatory behaviour after reaching the steady state.
Conclusion
This paper presents an overview of MPPT methods, and considers their suitability in systems which experience a wide range of operating conditions. From this, it is clear that each MPPT method has its own advantages and disadvantages and the choice is highly application-dependent. When using solar panels in residential locations, the objective is to reduce the payback time. To do so, it is necessary to constantly and quickly track the maximum power point. Furthermore, the MPPT should be capable of minimising the ripple around the MPP. Therefore, the two techniques stages-incremental conductance (IC) and perturbation and observation (P & O) algorithms are suitable. These two methods have been evaluated by simulating a standalone PV system, utilising a DC-DC boost converter to connect the PV panel to the load. In particular, the performance of each method has been considered over a wide range of different irradiation conditions. Results show that the enhance of perturb and observe algorithm exhibits faster dynamic performance and achieves steady state level better than the incremental conductance method over a broad range of irradiation settings and load profiles. 
